The structure of small (2-5 nm) Ge quantum dots prepared by the colloidal synthesis route is examined. Samples were synthesized using either GeO 2 or GeCl 4 as precursor. As-prepared samples were further annealed under Ar or H 2 /Ar atmosphere at different temperatures in order to understand the effect of annealing on their structure. It was found that as-prepared samples possess distinctly different structures depending on their synthesis route as indicated by their long-range ordering. An appreciable amount of oxygen was found to be bound to Ge in samples prepared with GeO 2 as a precursor; however, not for GeCl 4 . Based on combined transmission electron microscope, Raman, X-ray diffraction and X-ray absorption measurements, it is suggested that as-prepared samples are best described by the core-shell model with a small nano-crystalline core and an amorphous outer layer terminated either with oxygen or hydrogen depending on the synthesis route. Annealing in an H 2 Ar atmosphere leads to sample crystallization and further nanoparticle growth, while at the same time reducing the Ge-O bonding. X-ray diffraction measurements for as-prepared and annealed samples indicate that diamond-type and metastable phases are present.
Introduction
The synthesis, properties and applications of group IV nanoparticles have attracted great interest over the past several years (Fan & Chu, 2010) . The size tunable optical and electric properties make Ge and other group IV elements including Si and C attractive for multi-junction solar cells (Cá novas et al., 2010; Guter et al., 2009) , photodectors (Assefa et al., 2010) and field-effect transistors (Pillarisetty, 2011; Kamata, 2008) . Moreover, potential applications of Ge nanocrystals (NCs) on printing electronics (Kim et al., 2010) and organic-inorganic hybrid photoelectric devices (Xue et al., 2011) as well as in biological imaging (Lambert et al., 2006 (Lambert et al., , 2007 have been reported.
Ge is an indirect band semiconductor with a large exciton Bohr radius [24 nm for bulk Ge (Xue et al., 2011) ], leading to strong quantum confinement effects [which affects the size of the band gap and hence the light emission wavelength (Einevoll, 1992; Brus, 1983) ] to be observed for relatively large particle sizes. Besides quantum confinement effects, Ge NCs can exhibit a variety of metastable structures (Ribeiro & Cohen, 2000; Yin & Cohen, 1980; Jamieson, 1963) , but size-dependent structural metastability in Ge NCs has not been studied extensively as yet. This may be an interesting subject as the difference in lattice structure leads to a distinctive energy band structure, which in turn affects the light emission and absorption behaviour. For example, Ge with ST12 phase has been predicted to possess a direct band gap of 1.47 eV (Joannopoulos & Cohen, 1973) (in contrast to an indirect band gap of 0.66 eV in diamond-type Ge) with potential applications in infrared opto-electronic and photovoltaic devices (Kim et al., 2010) .
Until recently, most Ge quantum dots (QDs) were synthesized in a matrix (Welham, 2000; Stavarache et al., 2011; Alkis et al., 2012; Henderson et al., 2010) or on surfaces (Cojocaru et al., 2007; Desnica et al., 2008; MacLeod et al., 2012) ; however, matrix-free Ge QDs could provide a very useful model to test a variety of structural characterization methods. Hence several synthesis methods have been developed to produce matrixfree Ge QDs by etching (Muthuswamy et al., 2012; Yang, 2007; Kartopu et al., 2003 Kartopu et al., , 2008 , sol-gel synthesis (Nogami & Abe, 1997) and colloidal synthesis (Chou et al., 2009; Wu et al., 2011; Heath et al., 1994) . Colloidal synthesis methods seem to give a reasonably scalable route to volume production of Ge QDs and provide a degree of control over particle size (Hope-Weeks, 2003; Wu et al., 2006; Zaitseva et al., 2007; Prabakar et al., 2010) and surface termination (Fok et al., 2004; Chiu et al., 2005; Gerung et al., 2005; Dag et al., 2012) . The latter is particularly crucial in matrix-free Ge QDs as surface termination significantly influences the stability of nanoparticles in various environments. In particular, hydrogen-terminated Ge may be the preferred option as it shows good aqueous stability (Peng et al., 2011; Park et al., 2008) and is usually a first starting point for subsequent wet and dry surface passivation (Rivillon et al., 2005) . Two relatively straightforward bench-top colloidal synthesis methods have been reported recently. These methods use GeO 2 (Wu et al., 2011) and GeCl 4 (Chou et al., 2009 ) as precursors and result in similar particle sizes of around 5 nm.
For as-prepared Ge QDs, having an accurate atomic structure of nanoscale systems is a prerequisite to understanding their electronic and optical properties. Moreover, establishing a link between the structure and synthesis conditions is an essential requirement for the design of materials with predetermined properties. However, for ultra-small QDs, understanding the structure becomes complex due to the significant surface, interface (Weber et al., 2013; Lee et al., 2009; Pizzagalli et al., 2001; Sato et al., 1998) and size effects (Chiu et al., 2006; Tomań ek & Schluter, 1987) . For example, Raman can be used to determine the size of nanocrystals employing the well known Richter model (Richter et al., 1981; Campbell & Fauchet, 1986 ), but could be problematic for very small nanoparticles (Gouadec & Colomban, 2007) . At the same time, XRD is not very informative for amorphous samples due to the broadening of diffraction peaks. Thus deducing an accurate structure (i.e. atomic arrangements and morphology) in small QDs is a non-trivial task that is still a challenge today.
In this paper we employed a combination of extended X-ray absorption fine structure (EXAFS), powder X-ray diffraction (PXRD), Raman and transmission electron microscope (TEM) techniques to examine the size and structure of matrixfree Ge QDs prepared by colloidal synthesis routes from GeO 2 and GeCl 4 in order to examine the influence of the precursor and synthesis conditions on the atomic structure and the surface of samples. We also looked into the effects of annealing on the structure of the produced Ge QDs.
Experiment

Synthesis
Two synthesis routes for Ge QDs were used. For the first route, bench-top colloidal synthesis (Wu et al., 2011) was utilized to prepare Ge nanoparticles (NPs) by reduction of GeO 2 at 60 C at ambient pressure. In a typical experiment, GeO 2 powder (26 g, >99%) was dissolved in a solution of polyvinylpyrolidine (0.01 g, PVP, MW = 630.000) and of NaOH (10 ml, 0.15 M). Then HCl (0.5 ml, 0.5 M) was added to the flask to increase the pH to 7.0. At this point the solution is colourless and transparent. Heating the solution resulted in the formation of Ge nanoparticles by controlled addition of NaBH 4 (20 ml h À1 of 10 ml of 0.75 M) via a syringe pump. Over 30 min the colour of the solution changed from colourless to yellow, then brown and finally dark brown. All chemicals were purchased from Sigma-Aldrich and used as purchased without any purification. The formed Ge NPs were separated from the chemical residual using 10000 r.p.m. centrifugation and washed with ethanol several times. The formed Ge NPs were suspended in ethanol or kept in hexane. All samples were sealed in glass capillaries (0.7 mm) immediately after preparation to avoid prolonged exposure to air. The NPs produced via this synthesis route are referred to as Ca1.
For the second route, GeCl 4 (265 ml) was reduced with a solution of ethylene glycol (10 ml) and PVP (0.05 g, MW = 630.000) (Chou et al., 2009) . Then triglyme (6 ml) was added with two different rates: 90 ml h À1 for the first 2 ml and 9 ml h À1 for the remaining 4 ml. This controlled addition process of the triglyme was performed with a syringe pump into a three-neck round-bottom flask in which the solution is bubbled continuously with Ar gas or a mixture of H 2 and Ar gas from a micro-tube inlet through the solution. The final product was separated from the colloidal chemical solution by centrifugation at 10000 r.p.m. for 10 min. All samples were sealed in glass capillaries (0.7 mm) immediately after preparation to avoid prolonged exposure to air. The NPs produced via this synthesis route are referred to as Cs1.
In addition to the synthesis, the Ge QDs were annealed in H 2 /Ar gas and Ar gas mediums at a flow rate of 100 ccm at temperatures of 450 C and 600 C for 1 h. All samples were annealed immediately following synthesis and were sealed in glass capillaries (0.7 mm) immediately after annealing.
Characterization
TEM (Jeol 2010) was employed to characterize the size distribution and morphology. Energy-dispersive X-ray spectroscopy (EDX) was used to analyse the component. Raman measurements were carried out using a Renishaw Raman microscope equipped with a 632 nm He-Ne laser. The experimental spectral resolution was 0.5 cm À1 . PXRD (performed at beamline B18, X-ray energy 8047 eV) and EXAFS measurement (performed at beamline B18, X-ray energy continuous from 10800 eV to 12400 eV with 0.88 eV resolution above the Ge K-absorption edge) was carried out at the Diamond synchrotron light source. For PXRD measurements a multi-channel curved detector was used. EXAFS measurements were carried out in transmission mode using ionization chambers. Reference data for bulk crystalline Ge were collected to obtain the value of the passive reduction factor S 2 0 that was later used in the analysis of EXAFS data from the samples. The passive reduction factor in diamondtype bulk Ge was found to be 0.94 AE 0.06.
The experimental EXAFS data were analysed using the software package Demeter (Newville et al., 1995) . The program Athena was used for background subtraction, where the same cut-off ('Rbkg' = 1.3) was used for all samples. EXAFS spectra were analyzed using the program Artemis with FEFF code for research papers scattering path calculation and the FEFFIT algorithm for fitting.
Results and discussion
TEM images for as-prepared Ca1 and Cs1 samples are shown in Figs. 1(a) and 1(c), respectively. The size distribution of asprepared samples (both Ca1 and Cs1) was calculated from TEM images [Figs. 1(b) and 1(d), 60 particles were used to calculate the size distribution]. For Ca1 and Cs1 the QDs were found to have an average size of 3.8 AE 0.1 nm and 3.9 AE 0.1 nm, respectively. Raman spectra for as-prepared Ca1 and Cs1 samples are shown in Figs. 1(e) and 1( f ). The observed peak can be assigned to the Ge-Ge vibration mode (around 300 cm À1 in bulk crystalline Ge). The asymmetry of the Raman peaks (49 : 27 and 44 : 16 at FWHM for Ca1 and Cs1, respectively), which is especially clear for the Cs1 sample ( Fig. 1f ), is due to particle size effects (Campbell & Fauchet, 1986; Richter et al., 1981) . The average particle sizes obtained from Raman using a fitting based on the phonon confinement model (Campbell & Fauchet, 1986; Richter et al., 1981) for Ca1 and Cs1 are 2.6 AE 0.5 nm and 3.2 AE 0.5 nm, respectively. This is in contrast to the TEM data where observed sample sizes are very similar. For Cs1, the particle sizes obtained from TEM and Raman are similar. However, there is a clear discrepancy between Raman and TEM size analysis in Ca1. In both samples the Raman peaks are downshifted (as compared with the bulk c-Ge) as expected, but the broader peak observed in the spectrum of Ca1 may suggest a higher amorphous component. This would explain the discrepancy in sizes calculated from TEM ( Fig. 1b) and Raman (Fig. 1e ) since the quantum confinement model for particle size calculation (Campbell & Fauchet, 1986; Richter et al., 1981) assumes a crystalline sample. Furthermore, contribution from the amorphous content (higher in Ca1) to the Raman signal may explain much less pronounced asymmetry of the signal from Ca1 sample as compared with Cs1.
PXRD measurements were carried out to obtain long-range order information. Fig. 2 presents background-subtracted diffraction patterns for all Ca1 and Cs1 samples. Ca1 (GeO 2 precursor) and Cs1 (GeCl 4 precursor) as-prepared samples both show broad diffraction features typical of small nanoparticles (or amorphous samples). However, the average peak positions are clearly different as can be seen in Figs. 2(a) , 2(b), 2(d) and 2(e), where numerical values for the peak positions and of the FWHM are also shown, assuming Gaussian peak profile. Analysis of the FWHM of XRD peaks in the 20-30 range suggests a higher degree of disorder in as-prepared Ca1 (FWHM of 8.7-9.6 ) samples compared with as-prepared Cs1 (FWHM of 5.4-6.1 ). This is consistent with the Raman data shown earlier. However, FWHM for both samples are smaller than that of around 15 normally observed in bulk (Muthuswamy et al., 2013) or thin-film (Khan et al., 2010a,b) amorphous Ge. Thus, XRD data suggest a higher degree of longrange order in all our as-prepared Ge QDs than in an amorphous Ge phase.
Detailed comparison of d-spacing between experimental data and the reference (Ge and GeO 2 related) can be found in Table 1 . The position of the first broad peak in PXRD data for Ca1 (corresponding to a distance of around 3.28 Å ) is consistent with the distance corresponding to the (111) plane of diamond-type (JCPDS No. 4-545) Ge structure. However, the peak position is different for Cs1 as-prepared samples, as it corresponds to a distance of around 3.97 Å (see Table 1 ). This result is contrary to the XRD data previously reported for this synthesis route (Chou et al., 2009) , but similar to the recently reported XRD data recorded for nanocrystalline Ge prepared by laser ablation (Liu et al., 2013) . We compared the PXRD signal for Cs1 samples with a number of relevant metastable Ge phases [ST12 (Kasper & Richards, 1964) , mC16 (Selli et al., 2013) and BC8 (Nelmes et al., 1993) ] in order to understand possible origins of the peak position. Our data together with the corresponding PXRD simulated for several Ge phases are shown in Fig. 3 . One can see that out of all phases only the recently reported mC16 phase (Selli et al., 2013) has several diffraction peaks that fall within the range of the observed broad peak.
We further investigated the effects of annealing on the structure of asprepared Ge QDs. As seen in Fig. 2 , annealing results in crystallization of as-prepared Ca1 and Cs1 samples into diamond-type Ge. However, in all cases there are extra diffraction features present. These diffraction peaks, labelled with arrows, for Ca1 annealed 600 and Cs1 annealed 450 (samples annealed at 450 C and 600 C, see x2) are not from diamond-type Ge. EDX measurements were carried out for these two samples to check impurities beyond Ge. Results
show that these two annealed samples are both mainly composed of Ge, C (from the TEM grid) and O, which suggests that the two extra diffraction peaks can only come from a Ge-related phase. Further comparison (see Table 2 ) with relevant Ge metastable phases suggests that these reflections are close to those found in the BC8 (cubic unit cell) phase. Interestingly, the inset (Fig. 2) scanning electron microscope (SEM) image for Ca1 annealed 600 shows a pyramid of large size (around 1 mm), which could explain the sharpness of the arrow-labelled diffraction peak, while the pyramid shape is not inconsistent with a BC8 structure.
EXAFS measurements at the Ge Kedge were performed to determine the local atomic arrangements and to gain information on the local atomic distortions and possible surface termination since the technique selectively probes the environment of Ge atoms. EXAFS spectra were transformed into pseudo radial distribution functions to visualize the structural data ( Fig. 4: Ca1 Background-subtracted PXRD patterns for all as-prepared and annealed Ca1 (a-c) and Cs1 (d-f ) samples; reference for diamond-type Ge (JCPDS No. 4-545) is shown as blue marks at the bottom. 'Hex' in the sample name means a suspension in hexane, and 'Eth' for ethanol; 'Ar' means synthesis with Ar gas protection and 'H 2 Ar' for a mixture of H 2 and Ar. The background was subtracted using PXRD measurement of an empty capillary. The inset image is SEM for Ca1 annealed 600. (Baur & Khan, 1971 ) was observed in EXAFS and no reflections were found corresponding to GeO 2 in PXRD. Moreover, one can clearly see [Figs. 4(a) and 4(b)] that this feature is stronger for the sample where Ar rather than H 2 Ar gas was used. By using the FEFFIT algorithm, the fitted Ge-O bonding length (around 1.78 Å , Table 3 ) is found to be close to the bond length (1.87 Å ) in rutile-type (Bolzan et al., 1997) GeO 2 . A Debye correlated model was used to fit the Ge-Ge shell. From Table 3 it can be inferred that the fitted Debye temperature is close to the theoretical value of bulk Ge (373 K) (Stewart, 1983) . The fitted Ge-Ge bond length is around 2.45 Å , which is consistent with that of diamond-type Ge. EXAFS results suggest that a GeO 2 shell may contribute to the overall particle size and thus further explain the size discrepancy between the TEM result and Raman calculation for as-prepared Ca1 sample.
For as-prepared Cs1 (see Fig. 5 ), no other bonding features beyond Ge-Ge were observed. Considering the details of synthesis routes and that the surface of the samples must be terminated, we suggest that the surface of as-prepared Cs1 is most likely to be terminated with hydrogen, which cannot be seen by EXAFS measurements due to the weak scattering by hydrogen atoms. As seen in Table 4 , the fitted Ge-Ge interatomic distance of 2.42 AE 0.02 Å (or 2.43 AE 0.02 Å ) is somewhat shorter than 2.45 Å for diamond and 2.48 Å for both ST12 and BC8. However, an interatomic distance of 2.42 Å is found in the mC16 phase, which could possibly account for the detected Ge-Ge bonding length and would be consistent with the PXRD analysis of as-prepared Cs1.
For most annealed samples the fitted Ge-Ge interatomic distances correspond well with that of diamond Ge. For Ca1 annealed 450, the slightly larger Ge-Ge bonding should be due to the average of the contributions from the crystalline and amorphous parts, since as-prepared Ca1 shows larger first-shell bonding (2.48 Å ). However, for the first Ge-Ge shell of Ca1 annealed 600 and Cs1 annealed 450, the fitted Debye-Waller factor does not decrease by any significant degree upon annealing (see Table 3 can originate from distortions within tetrahedrons composed of local Ge atoms [red arrow in Fig. 5(d) ], but can also be an indication of phases other than diamond-type Ge being present. The latter is consistent with the analysis of PXRD data.
The first-shell coordination numbers are shown in Tables 3  and 4 for all as-prepared and annealed samples. The extracted coordination numbers were found to be lower than that of various Ge theoretical phases (diamond: 4 at 2.45 Å ; BC8: 1 at 2.41 Å , 3 at 2.50 Å ; mC16: 3 at 2.42 Å , 1 at 2.45 Å ; ST12: 4 at 2.48 Å ). This is most likely due to the combination of large surface-to-volume ratios in nanoparticles and a correlation between Debye temperature and coordination numbers during data fitting. Neither of these factors affect the extracted interatomic distances.
Based on the comprehensive analysis above, it is suggested that two different synthesis routes seem to produce samples with a large degree of structural disorder and distinctly different metastable phases. On annealing, samples transform into crystalline diamond-type Ge, again with the possible presence of metastable phases.
There could be several possibilities for the morphology of as-prepared Ca1 and Cs1 Ge nanoparticles (see Fig. 6 ). First of all, the discrepancy of sizes extracted from TEM and Raman indicates that a disordered component is present in our sample, which is consistent with PXRD data. Then PXRD patterns suggest that the long-range order in our as-prepared Ge QDs is better than that in amorphous Ge. Thus TEM/Raman/PXRD results comprehensively exclude cases (a) and (b) in Fig. 6 . Moreover, the size discrepancy between TEM and Raman for Ca1 could also come from GeO 2 on the surface. Furthermore, a mixture of independent nano-crystalline and nanoamorphous QDs with the particle size observed in TEM [case (c), Fig. 6 ] would result in the observation of second (and possibly further) coordination shells in EXAFS data, which is not the case for as-prepared samples. Besides, a mixture of crystalline and amorphous Ge QDs would result in a non-Gaussian peak shape (broad amorphous background with a sharp crystalline peak on top) rather than the Gaussian diffraction peak we observed. A mixed phase [case (d), Fig. 6 ] in a single QD with size down to sub-nanometres can be excluded on the basis of thermodynamic considerations (De Yoreo & Vekilov, 2003; Weeks & Gilmer, 2007) .
Hence the most likely model for as-prepared Ge QDs is a core-shell one shown in Fig. 6(e by experimental data until now for colloidal Ge QDs. For Ca1 as-prepared QDs, the surface could possibly be terminated with a GeO 2 shell based on EXAFS/TEM/Raman analysis. We believe Cs1 as-prepared samples are terminated with hydrogen.
Conclusion
Ge QDs were synthesized by two colloidal routes: one of which by reducing GeO 2 (Ca1 route) and the other by reducing GeCl 4 (Cs1 route). Combined EXAFS/PXRD/Raman/ TEM characterization was carried out to reveal the short-and long-range order, and to access information on the atomic structure of the samples. It was found that as-prepared Ca1 has diamond-type Ge structure with oxide-terminated surface. More interestingly, PXRD and EXAFS data for as-prepared Cs1 suggest a metastable phase different from that found in Ca1. This metastable phase seems to correspond best to the recently suggested (on the basis of calculations) Ge mC16 structure, with the surface most likely terminated by hydrogen. These results suggest that metastable phases of Ge can be obtained by a suitable choice of precursors and be influenced by the size and possibly by surface termination, thus giving access to novel structures otherwise available only under extreme conditions of pressure and temperature (Hanfland & Syassen, 1990; Nelmes et al., 1993) . Further comprehensive EXAFS/PXRD analysis for Ca1 and Cs1 asprepared and annealed samples reveals phase transitions and the coexistence of diamond and metastable Ge phases upon annealing. The comprehensive results from Raman, TEM, PXRD and EXAFS suggest the core-shell model for the morphology of both as-prepared Ca1 and Cs1. 
